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ABSTRACT
We investigate the impact of resonant gravitational waves on quadrupole acoustic modes of Sun-like stars
located nearby stellar black hole binary systems (such as GW150914 and GW151226). We find that the stimula-
tion of the low-overtonemodes by gravitational radiation can lead to sizeable photometric amplitude variations,
much larger than the predictions for amplitudes driven by turbulent convection, which in turn are consistent
with the photometric amplitudes observed in most Sun-like stars. For accurate stellar evolution models, using
up-to-date stellar physics, we predict photometric amplitude variations of 1 – 103 ppm for a solar mass star
located at a distance between 1 au and 10 au from the black hole binary, and belonging to the same multi-star
system. The observation of such a phenomenon will be within the reach of the PLATO mission because tele-
scope will observe several portions of the Milky Way, many of which are regions of high stellar density with a
substantial mixed population of Sun-like stars and black hole binaries.
Subject headings: Stars: general – black hole physics – asteroseismology – binaries: general – globular clus-
ters: general – X-rays: binaries
1. INTRODUCTION
The ground-breaking observations of gravitational waves
from the coalescence of two black hole binaries (Abbott et al.
2016a,b), swiftly initiated the age of gravitational-wave as-
tronomy. These discoveries suggest that massive stellar black
holes are more common than previously thought. As a con-
sequence, the idea that intrinsic oscillations of stars may be
stimulated by gravitational radiation from nearby stellar black
hole binaries becomes a real possibility (i.e., Lopes & Silk
2015).
A compelling reason for our study comes from the fact that
stellar oscillations stimulated by nearby stellar black hole bi-
naries might have already been observed unintentionally by
current missions. At the very least, such observations are now
within the reach of future asteroseismology missions. Dur-
ing the last decade, the COROT (launched 2006, Baglin et
al. 2006) and KEPLER (launched 2009, Gilliland et al. 2010;
Howell et al. 2014) satellites, despite their restricted fields
of view, have discovered non-radial oscillations in approxi-
mately 700 main-sequence and sub-giant stars and more than
17,000 red-giant stars out of the 400 billion stars expected
to exist in the Milky Way (i.e., Miglio et al. 2012; Chaplin
& Miglio 2013; Stello et al. 2015). In these stars, known as
Sun-like stars, such non-radial oscillations are driven stochas-
tically by the turbulence of their external convective enve-
lope. The KEPLER mission alone has measured oscillations
in stars located at distances up to 15 kpc, almost two times
the distance of the Sun to the Galactic center. This mission
has observed such stars uninterruptedly through long peri-
ods of time, typically with a duration varying from 3.5 to 4
years. In many of the cases, astronomers were able to deter-
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mine the high-precision spectrum of their stellar non-radial
oscillations. Such stars are located in contrasting space en-
vironments of the Milky Way, within the galactic disk and
bulge, and in halo globular clusters. Many of these loca-
tions are dense stellar environments, such as globular clusters
with mixed populations of Sun-like stars and black hole bina-
ries (Rodriguez et al. 2015). Therefore, it is to be expected
that some of these Sun-like stars are located near these bina-
ries and close enough for the incoming gravitational waves to
excite some of their non-radial modes (Lopes & Silk 2015).
In agreement with our previous work, such Sun-like stars are
referred to as star detectors.
Most likely the Sun-like star and the stellar black hole bi-
nary will be part of the same gravitationally bound multi-
body system. There is theoretical and observational evidence
pointing to the formation of multi-star systems (Lopes & Silk
2015). Furthermore, the current theory of star formation pre-
dicts the existence of many binary, triple, and higher multi-
plicity stellar systems. Tokovinin (2014) studied the multi-
plicity of multi-body systems within 67 pc of the Sun and
found that 13% of the stellar systems have three or more
stars. Raghavan et al. (2010) estimated that as much as 8%
are three-body systems, and Rappaport et al. (2013), using
KEPLER data, estimated that 20% of close binaries have ter-
tiary companions. The KEPLER mission alone has discovered
more than 220 triple systems. In addition to the large number
of triple-star systems, a number of higher-order multiple star
systems have also been discovered by the KEPLER mission
and ground-based observations (Borkovits et al. 2015). For
example, Rappaport et al. (2016) have discovered a quintuple
star system that contains two small eclipsing binaries orbiting
each other. Each of the small binaries have an orbital radius
of 2 au, one of which has a third star. The large binary formed
by the small binaries has an orbital radius of 12 au. There-
fore, in such multi-star systems, it is very likely that triple
systems can also be formed between a stellar black hole bi-
nary and a nearby Sun-like star, or even in higher-order star
systems (Kobayashi et al. 2012). This is more likely to occur
in dense stellar environments such as the core of the Milky
2Way or in the cores of globular clusters. Nevertheless, as the
amplitudes of oscillations for main-sequence stars are a few
orders of magnitude smaller than the amplitudes of red-giant
stars, and because the brightness of main-sequence stars are
much smaller, consequently in order to observe the impact of
gravitational radiation in main-sequence stars it will be more
efficient to look for possible targets within the solar neighbor-
hood. Alternatively, because red-giant stars are much more
bright, it should be possible to look for potential red-giant star
targets at much larger distances. Nevertheless, as we will dis-
cuss in this work, the most important limitation on detection
of the impact of gravitational waves on the pulsation spectrum
of Sun-like stars is related to the magnitude of gravitational
radiation striking the star.
The interest in investigating the excitation of stellar oscil-
lation modes by gravitational-wave radiation started in the
1960s, when Joseph Weber published the first article about
the experimental detection of gravitational waves (i.e., We-
ber 1961). Use of the Earth was proposed as a laboratory
mass to detect gravitational radiation (Forward et al. 1961).
A few years later, Dyson (1969) studied the response of the
Sun and Earth to incoming gravitational radiation. Other pub-
lications have followed (i.e., Boughn & Kuhn 1984; Siegel
& Roth 2011; McKernan et al. 2014). With the advance of
the observations, this idea was pursued with the gravitational
techniques of helioseismology and asteroseismology, either
by studying the impact of gravitational radiation on solar os-
cillations (i.e., Lopes & Silk 2014, and references therein) or
by extending this approach to other stars (i.e., Lopes & Silk
2015, and references therein).
In this article, we predict that stellar black hole binaries lo-
cated at short distances fromSun-like stars will excite a few of
their non-radial oscillations well above the photometric am-
plitude variations caused by stochastic excitation.
We review some of the more current channels for the for-
mation of black hole binaries, and we discuss the dynamic
evolution of black hole binaries during the inspiral phase. Fi-
nally, we evaluate the excitation of stellar oscillations by grav-
itational waves.
2. FORMATION OF STELLAR BLACK HOLE BINARIES
The recent discovery of the GW150914 (Abbott et al.
2016a) and the GW151226 (Abbott et al. 2016b) black hole
binaries 4 is an indisputable confirmation that massive stel-
lar black hole binaries are very likely quite common. Such
compact binary systems can form, either from isolated binary
stellar systems in galactic fields, or as a result of dynamic in-
teractions of stars in dense stellar environments such as the
cores of stellar clusters or galaxies.
In the first case, known as a standard scenario, the forma-
tion of black hole binaries follows through a complex num-
ber of stages (i.e., Postnov & Yungelson 2014). Firstly, two
massive stars form in a common stellar envelope, and a sta-
ble mass transfer is established between the two stars. By
the action of gravity, the core of the largest star collapses into
a black hole. Then, a second mass transfer starts from the
external layers of the remaining star to the black hole. Dur-
ing this phase the binary continuously loses mass and angular
momentum. The compact binary forms when the core of the
4 GW150914: located at a distance of 410 Mpc, with black hole masses
of 36M⊙ and 29M⊙; and GW151226: located at a distance of 440 Mpc,
with black hole masses of 14.2M⊙ and 7.5M⊙.
second star also collapses into a black hole (O’Shaughnessy et
al. 2005). Although there are several stellar models to explain
the formation of black hole binaries, the vast majority fol-
low this evolutionary path (Belczynski et al. 2008, 2002). For
instance, Mandel & de Mink (2016); Marchant et al. (2016)
recently proposed that massive stars, which throughout their
lifetimes remain in a close compact binary, maintaining a
rapid rotation and a chemically homogeneous interior, rapidly
end by forming a massive stellar black hole binary.
In the second case, the black hole binaries form in massive
stellar clusters, due to the drift of single or binary black holes
to the core of the cluster by dynamical friction (Rodriguez et
al. 2016). In these dense stellar environments, the gravita-
tional interaction of stars and black holes leads to the forma-
tion of multi-stellar binary systems, some of which are quite
often ejected from the cluster (Sigurdsson & Hernquist 1993).
Such interactions preferentially keep the heaviest objects in
binaries and eject the lightest ones leading to a concentra-
tion of heavier black hole binaries in the cluster core (Heggie
1975). In some cases, such processes leads to the formation of
triple compact star systems. Meiron et al. (2016) suggest that
the presence of a nearby third star can be determined by the
perturbation caused to the gravitational wave emitted during
the merger of the two black holes of the inner binary.
It is well accepted that both evolution scenarios predict the
formation of black hole binaries with masses comparable to
those recently discovered (Abbott et al. 2016,b), though fur-
ther improvements are required to fine-tune their evolutionary
paths. Nevertheless, all scenarios predict that the more mas-
sive binaries are formed in stellar environments of low metal-
licity (e.g., Dominik et al. 2013). Equally, the formation of
binaries by dynamical friction is intensified in the cores of
globular clusters, where there is a high density of stars with
low metallicity (Rodriguez et al. 2016).
One test of all these formation scenarios is that the black
holes of such binaries must merge on a time-scale smaller
than the age of the universe (∼ 13.7 Gyr). For this to hap-
pen, the orbital separation of the black holes must be suffi-
ciently small to allow rapid binary contraction by energy loss
to gravitational radiation, culminating in the coalescence of
the two black holes. Although this property is verified for
all binaries, the binary formation time-scales and their coa-
lescence time-scales are very different. For instance, in the
standard scenario, compact binaries form on a time-scale of
10 Gyr (Postnov & Yungelson 2014). In a variation of this
scenario, a close binary formed by two massive stars coa-
lesces into a black hole binary with a total mass of 80M⊙ in
a record time of 2.6 Gyr (Rodriguez et al. 2016). In this case,
black hole binaries created by stellar encounters in globular
clusters have a typical waiting time to coalescence of 6.3 Gyr.
3. STELLAR BLACK HOLE BINARIES IN THE INSPIRAL PHASE
The final evolutionary stage of a black hole binary, as re-
cently validated by the discovery of GW150914, follows a
well-defined process of three phases (Blanchet 2014; Buo-
nanno & Damour 2000): it begins with the black holes being
far apart and rotating in near-perfect circular orbits (inspiral),
entering into a stage of rapid orbital shrinking (speed-up), and
terminating by merging into a single black hole (ringdown).
Here our study focuses on an approximate description of the
first two phases in the sprit of Dvorkin et al. (2016).
We start by assuming that the two black holes in the bi-
nary are in a circular orbit. The detector star is considered
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FIG. 1.— Frequency time variation of the gravitational wave emitted by
the GW150914 (continuous curves) and GW151226 (dashed curves) black
hole binaries: the blue (left axis) and red (right axis) lines correspond to
the variation of the orbital radius (a[cm]) and time to coalescence (τ[sec])
as the binary proceeds toward coalescence. The vertical black lines corre-
spond to the frequency νmax, for GW150914 (dashed line) and GW151226
(dotted-dashed line). The pink area defines the frequency range of non-radial
oscillations observed in Sun-like stars: main-sequence and sub-giant stars
from 10−4Hz to 10−2Hz (Kjeldsen et al. 2008); and red-giant stars from
10−7Hz to 10−3Hz (Mosser et al. 2013). The orange area corresponds to
the frequency oscillation range of the star detector shown in Figure 2. The
red, green and yellow circles correspond to the orbital radius 1 au, 50 R⊙
and 5 R⊙ solar radius. The red, green and yellow diamonds correspond to
the time to coalescence of 106 year, 104 year and 50 year, respectively.
to be sufficiently far away from the binary, such that the in-
coming gravitational radiation is described by a plane wave
field, but near enough that the redshift corrections are ignored
in the gravitational-wave spectrum. During the two initial
phases of the binary contraction, the frequency and amplitude
of gravitational-wave strain vary as follows.
(a) As the gravitational frequency ν is two times the orbital
frequency,Kepler’s laws show that ν increases with the reduc-
tion of the orbital radius of the binary. As usual, we define the
angular frequency ω to be equal to 2πν. The smaller black
hole slowly enters in an adiabatic inspiral process, by going
through a succession of quasi-circular orbits during which
it loses energy by gravitational radiation. Consequently, the
time to coalescence τ decreases as ν increases,
ν/νc = 0.0728 (νcτ)
−3/8
(1)
where νc is a characteristic frequency of the binary system.
νc is equal to (c
3/(GMc)), where c and G are the speed
of light and Newton constant, and Mc is the chirp mass of
the binary system, Mc ≡ (m1m2)3/5/M1/5t , where m1
and m2 are the masses of the two black holes and Mt =
m1 + m2. Similarly, the orbital radius a, which is equal to
(GMt/(πν))
1/3, decreases as ν increases.
The inspiral phase ends when the radial distance between
the two black holes is shorter than the last stable circular or-
bit, also known as the innermost stable circular orbit (ISCO).
The frequency of this orbit νISCO is approximately equal to
2.2kHz (M⊙/Mt). When this orbit is passed, the two black
holes merge and coalesce. Hence, νmax, the frequency of the
gravitational wave emitted on the ISCO orbit is equal to twice
the νISCO (Maggiore 2008). νmax corresponds also to the
maximum frequency of the gravitational radiation emitted in
the inspiral phase.
(b) The strain h increases as the binary system approaches
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FIG. 2.—Maximum intensity amplitude of quadrupole modes computed for
a solar main-sequence star excited by a nearby GW150914 (red curve) and
GW151226 (blue curve) black hole binary. The detector star is located at a
distance of 10 au (square symbol) or 1 au (circle symbol). The orbital radius
of these binaries varies from 3 R⊙ to 0.66 R⊙, during which the frequency
of the gravitational waves emitted varies from 3 10−4 Hz to 3 10−3 Hz
(corresponds to log10(ν[Hz]) varies from -3.4 to -2.8, see the orange area
in Figure 1).
coalescence. The nature of gravitational radiation determines
that h has two polarized components, h+ (plus polarization)
and h× (cross polarization). These quantities are written in
a condensed form: from the start of the inspiral phase until
coalescence, hk(τ) is equal to A⋆ gk(ϕ) Ck[Φ (τ)] where k
is equal to + or ×, A⋆ is the amplitude, gk are geometrical
functions depending of the directional angle ϕ, and Ck are
circular functions depending of the phase Φ (τ) (Maggiore
2008). The strain amplitudeA⋆ reads
A⋆ = c/(d⋆νc) (5/(νcτ))
1/4
, (2)
where d⋆ is the distance of the black hole binary system to the
detector star.
Figure 1 shows the time variation of two binary param-
eters – orbital radius and time to coalescence, as a func-
tion of ν for the two recently discovered black hole binaries:
GW150914 (Abbott et al. 2016a) and GW151226 (Abbott et
al. 2016b). Since their formation (the upper limit is the age
of the universe), these binaries have emitted gravitational ra-
diation in the frequency range of of 10−7 – 10−2 Hz. During
this time, the orbital radius reduces to a tenth of the solar ra-
dius (∼ 1010 cm), being only 50 years (∼ 1.5 109 sec) away
from the binary coalescence. As illustrated in Figure 1 during
most of the inspiral phase, the gravitational radiation emitted
can stimulate non-radial oscillations of Sun-like stars located
nearby these binaries.
4. IMPACT OF GRAVITATIONALWAVES IN NON-RADIAL
OSCILLATING STARS
The response of the Sun to resonant gravitational radiation
has been discussed by several authors, following the detailed
study made originally by Boughn & Kuhn (1984). Most as-
pects of the analysis for other stars are similar. We follow
the standard discussion about gravitational radiation emis-
sion (Maggiore 2008).
Here, to compute the stimulus of non-radial oscillations of
a Sun-like star struck by gravitational waves from a nearby
black hole binary, we follow the study and notation of Lopes
& Silk (2015, and references therein). Accordingly, the stim-
ulation of gravitational waves only excites stellar modes of
4even degree ℓ. Of these, we focus our study on the quadrupole
modes (ℓ = 2), for which the gravitational forcing is the great-
est. Because our goal is to compute the amplitude of these
modes, the problem is simplified by focusing our attention on
the quadrupole acoustic modes of frequencyωn and order n
(overtone).
In general, because a black hole binary radiates gravita-
tional waves, it loses energy and thus spins up. This process
is accompanied by a reduction of the binary size and an in-
crease of the orbital frequency. Accordingly to Lopes & Silk
(2014), we have computed the maximum impact of gravita-
tional waves on photospheric velocity amplitudes of resonant
stellar quadrupole modes; for convenience, we choose here to
write as the variation of photometric amplitudes
(
An
ppm
)
=
A⊙
v⊙
fs
A⋆
cms−1
Ln
αs
ω2n
ηn
, (3)
where A⋆ is the strain amplitude of the gravitational wave
(see equation 2), and ωn and ηn are the angular frequency
and damping rate of the star’s mode. αs is a constant equal
to 2
√
2, for which the exact value is fixed by observations.
fs is equal to
√
T⊙/T⋆, where T⊙ and T⋆ are the effective
temperatures of the Sun and the star. A⊙ is the maximum
observed bolometric amplitude and v⊙ is the maximum sur-
face velocity of the mode in the Sun’s surface. The values
of A⊙, v⊙ and T⊙ are equal to 2.53 ± 0.11 ppm (parts-
per-million), 18.5 ± 1.5cm s−1 and 5777oK. All the previ-
ous quantities are evaluated at the solar photosphere (Michel
et al. 2009). In the determination of An (equation 3), we
use the photospheric velocity amplitude expression Vn =
A⋆Ln/αs ω
2
n/ηn from Lopes & Silk (2014). The conversion
from photospheric velocity to photometric amplitude varia-
tions is made using the relation obtained by Michel et al.
(2009). We note that the photometric amplitude given by
equation (3) can be easily modified for stars in other stages
of evolution. In particular, for red-giant stars, this can be
done by using a scale relation like the ones obtained by Huber
et al. (2011) and Ballot et al. (2011). These scale relations
were obtained empirically from large data photometric sets
by the KEPLER Mission. These observational data sets com-
prise photometric time series for stars in quite distinct stages
of evolution, like the main-sequence and red-giant phases. Ln
is the effective modal length that depends on the properties of
the quadrupole mode of order n: Ln = 1/2 R⋆ |χn|, where
R⋆ is the star’s radius and χn is a coefficient that depends on
the eigenfunction ξn:
χn =
3
4πρ¯⋆
∫1
0
ρ(r) [ξr,n(r) + 3ξh,n(r)] r
3dr. (4)
where ρ and ρ¯⋆ are the density profile and mean density of the
star, and ξr,n and ξh,n are the radial and horizontal compo-
nents ξn (Lopes & Silk 2014).
If the strain of the incoming gravitational wave is consid-
ered to be constant, equation (3) becomes identical to the pre-
vious amplitude predictions (for generic gravitational-wave
sources), like the ones obtained by Siegel & Roth (2011)
and Lopes & Silk (2014). Equation (3) differs from the previ-
ous ones because in this case it takes into account the variation
of An due to the orbital contraction of the black hole binary
(see equation 2). Accordingly, from the previous equations
(2) and (3), the new expression reads
(
An
ppm
)
=
A⊙
v⊙
fs
h⋆
cms−1
(
5
νcτ
)1/4
Ln
αs
ω2n
ηn
, (5)
where h⋆ = c/(d⋆νc). The above expression is valid pro-
vided that the frequency of the gravitational wave is in res-
onance with the frequency of the stellar mode and its vari-
ation can be neglected. This equation includes the term
A⊙/v⊙fs×(h⋆/cms−1)×(5(νcτ))1/4 that converts velocity
amplitudes to photometric amplitudes, and also takes into ac-
count the strain amplitude time variation emitted by the com-
pact binary.
Figure 2 shows the photometric amplitude variations of
quadrupole acoustic modes for resonant gravitational waves
emitted by GW150914 and GW151226 black hole binaries.
In this calculation, the values of ωn and χn are obtained
for the present Sun (i.e., Lopes & Silk 2014; Turck-Chie`ze
& Lopes 2012), and ηn corresponds to damping rates for re-
alistic solar envelopemodels (Houdek et al. 1999; Grigahce`ne
et al. 2005). The result shows that these black hole bina-
ries when in the vicinity of typical Sun-like stars of a solar
mass are able to strongly excite the lowest order overtones
of these modes, producing photometric amplitude variations
well above 100 ppm. In some extreme cases, the amplitude
variation is above 103 ppm. These values are much larger than
the photometric amplitudes of just a few ppms observed for
low-degree acoustic modes in main-sequence stars (Campante
et al. 2011), as predicted to be stochastically excited by turbu-
lent convection (Houdek et al. 1999). In a recent study, Hu-
ber et al. (2011) found that main-sequence and red-giant stars
show photometric amplitudes increasing from a few ppm up
to 1000 ppm.
Among the possible physical processes capable of sup-
pressing the impact of a gravitational wave in a stellar mode
(see equation 5), the damping rate ηn is the most signifi-
cant one. It is true that until now, no low-order quadrupole
modes have been successfully observed in Sun-like stars, pos-
sibly because the fluid motions of the upper layers of stars
are suppressing the stochastic excitation of the modes due
to turbulence in the layers beneath. Indeed, the energy ex-
change between convection pulsations could affect the am-
plitude of such modes. This specific point was discussed by
several authors, among others including Chaplin et al. (1997)
and Dupret et al. (2006), among others. Nevertheless, we note
that the excitation provided by gravitational radiation is exter-
nal to the star and therefore the prediction of the mode excita-
tion is simpler that the case of modes excited by the turbulent
processes of the convection zone, which depends of many lo-
cal physics processes such as magnetic fields and differential
rotation. We believe that the predictionsmade in this study are
realistic since the theoretical damping rates used in this study
follow from the same theory of stellar pulsation that success-
fully predicted the excitation and damping of stellar oscilla-
tions for the Sun and many Sun-like stars (Houdek et al. 1999;
Grigahce`ne et al. 2005; Turck-Chie`ze & Lopes 2012; Belka-
cem et al. 2013). This theory successfully describes the am-
plitude of the observed acoustic modes of low-degree ℓ and
high-order n. Therefore, it is reasonable to assume that at
lower frequencies such a theoretical model of stellar pulsa-
tions is still valid. On the unlikely possibility that lower-order
modes have damping rates comparable to the observed value
of 10−3 µHz (and predicted by theoretical pulsation models)
5for stellar modes with ω/2π ∼ 1000 µHz the amplitude of
such modes will be below the PLATO threshold of detection.
Nevertheless, as explained by Lopes & Silk (2014) the current
theoretical predictions suggest that such stellar modes with
ω/2π < 1000 µHz have much smaller values of damping
rates.
The next generation of satellites, like PLATO (Rauer 2013)
should be able to measure photometric amplitudes with the
necessary precision to detect such an impact of gravitational
waves in low-order acoustic quadrupole modes. The cur-
rent estimate for the PLATO mission predicts that the tele-
scope will be able to measure photometric amplitude varia-
tions above 3.2 ppm after 5 days (or 1.3 ppm after 1 month)
of continuous observation.
5. SUMMARY AND CONCLUSIONS
The recent detection of gravitational waves from two dis-
tant black hole binaries of intermediate mass implies that such
binary systems are quite common in the universe. This also
hints at the existence of very efficient mechanisms for the for-
mation of these binaries. In this work, we mention two of
these processes: as the end product of the evolution of bina-
ries of massive stars and as resulting from the gravitational
encounters of stars in high density stellar environments, as
found in the cores of stellar clusters. Moreover, the formation
of black hole binaries from progenitor stellar binaries is facil-
itated in low-metalicity stellar environments (e.g., Abbott et
al. 2016), most notably in the cores of globular clusters (Ro-
driguez et al. 2016). These facts substantiate the existence of
regions in the Milky Way with a mixed population of stellar
black hole binaries and Sun-like stars.
This study suggests that the quadrupole acoustic modes of
stars located nearby black hole binaries in some cases can
have relatively large amplitudes well above the experimen-
tal threshold of the current asteroseismic satellites. Neverthe-
less, there are important caveats that need to be addressed if
one wishes to successfully find such stars. In particular, these
amplitude predictions do not take into account the visibility
of stellar modes, which depends on the photometric proper-
ties of the star, as well as the degree and azimuthal order of
the mode. This important point was discussed in the con-
text of gravitational radiation for the first time by Siegel &
Roth (2014, 2015) for the case of high-precision radial ve-
locity of solar gravity modes. These authors have shown that
visibility effects lifted the degeneracy in the azimuthal order
of the mode leading to the reduction of amplitudes by a few
orders of magnitude. However, as pointed out by Berthomieu
& Provost (1990), these visibility corrections depend on the
properties of stellar modes and on the detailed structure of the
upper layers and atmosphere of the star. Unfortunately, these
stellar regions are still poorly described by the current stellar
models (i.e., Lopes& Silk 2013, and references therein). Nev-
ertheless, this difficulty should be overcome since the large
quantity and high-quality data made available by the current
astereoseismic satellites should allow astronomers to accu-
rately model the upper layers of Sun-like stars in the near
future.
The possibility of observing the imprint of gravitational ra-
diation on the stellar pulsation spectrum of a Sun-like star by
a future asteroseismology mission is limited by the existence
of many unknowns related to the dynamic properties of the
stellar systems being observed, as well as by the experimental
specifications of the telescopes being used for the observa-
tions. Nevertheless, there are a few points that we can make
that could help the discussion to successfully discover such
stars.
Since it is now known that stars show Sun-like oscilla-
tions in many stages of the stellar evolution including main-
sequence, sub-giant and red-giant phases. It is possible that
some of these stars are located sufficiently near such black
hole stellar systems. As discussed previously, black hole bi-
naries can form in two types of scenarios: in stellar multiple
systems where the black holes form as the end stage of stel-
lar evolution, or the binaries are created due to the dynamical
interactions between stars. Both processes are more likely
to occur in dense stellar regions of the Milky Way, like the
ones found in the core of stellar clusters and the regions of
intense stellar formation near the galactic center. In any case,
for the spectrum of a Sun-like star to be affected by gravi-
tational radiation, it is paramount that the black hole binary
be located relatively near the Sun-like star, possibly for even
the black hole binary and the Sun-like star to be part of the
same multiple stellar system (Toonen et al. 2016). There is
strong evidence to support that a significant fraction of stars
resides in a multi-stellar system including binaries (Raghavan
et al. 2010). Whitworth & Lomax (2015) estimate that 54% of
Sun-like are in binaries or multiple stellar systems. Rappaport
et al. (2013), using a limited range of orbital periods for the
triple-star systems, estimate that at least 20% of all close bina-
ries have tertiary companions. Recently, Roberts et al. (2015)
have observed a few triple systems with solar-type stars in the
optical as well as in the near-infrared (Roberts et al. 2017)
and Rappaport et al. (2017) discovered a quadruple stellar
system and quintuple stellar system (Rappaport et al. 2016).
Moreover, as much as 70% of massive stars are observed to
have companions (Kobulnicky & Fryer 2007). This is signif-
icant, since some of these massive stars could lead to the for-
mation of black holes, in which the instantaneous supernova
expulsion shell will not affect the companion stars (Toonen et
al. 2016). However, the explosion will modify the dynamics
of the multiple stellar system (Pijloo et al. 2012).
In spite of not knowing how many stellar black hole bi-
naries exist in the Milk Way that are located nearby Sun-
like stars, at least we can make an estimation of the total
number of stellar black hole binaries in our Galaxy. Re-
cently, Christian & Loeb (2017) using the merger rates of
LIGO found that the number of black hole binaries in the
Milky Way N with semi-major axis a smaller than abh to
be given by N(a 6 abh) ≈ KbhR100 (abh/10R⊙)4 where
Kbh is a rate factor related to the black hole binary mass and
R100 is the rate in units of 100 Gpc
−3yr−1. If only binaries
with black hole mass of 30 M⊙ are take into account, then
Kbh = 3× 102. However, if the same calculation is repeated
assuming a power law for the mass function of massive stars,
i.e., taking into account all binaries (with black holes of differ-
ent masses) with the same orbital radius, then Kbh = 3×104.
For instance, N is equal to 20 in the case of binaries formed
by two black holes with a mass of 30 M⊙ each and with a
semi-major a axis smaller than abh ∼ 5 R⊙. In the case
in which the black hole masses in the binary can take other
values, N will increase to 2000. The same expression pre-
dicts the existence of 19×106 black hole binary systems with
abh ∼ 50 R⊙. This type of binaries will emit gravitational ra-
diation that will excite the quadrupole modes of nearby Sun-
like stars, black hole binaries with a abh ∼ 50 R⊙ and ∼ 5 R⊙
6will emit waves with a frequency greater than 10−6 Hz and
10−4 Hz (see figure 1).
The important point is that the Sun-like stars to be observed
by the asteroseismic satellite must be located at a short dis-
tance of the black hole binary. Therefore, we will increase
the chances to make such detections if the telescope is able
to observe stars at large distances. Among the star targets
observe by the COROT and KEPLER satellites (Mosser et al.
2010; Huber et al. 2011), a few tens of thousands of stars have
been discovered to show Sun-like oscillations.
The original KEPLER mission alone has made such discov-
eries only by looking in a fixed direction of the sky; however,
with its renew observational program K2 mission (Huber et
al. 2014), the survey is now extended to many other direc-
tions of the Milky Way, increasing significantly the chances
to look for Sun-like stars near black hole binaries. Although
there is a possibility that such phenomenawill be foundwithin
the current asteroseismic data sets, it is more likely that it will
happen in a future mission, such as PLATO (Rauer et al. 2014)
and TESS (Ricker et al. 2014) satellites, or even more likely
that it will happen in a post-PLATO asteroseismology mission
for which specific observational targets could be chosen with
this objective in mind. To succeed in this endeavour, it is
necessary to understand which are the most likely stellar en-
vironments where it could be found the targets with Sun-like
stars nearby black hole binaries could be found.
The PLATO satellite is expected to obtain 1,000,000 stellar
photometric light curves for stars with a magnitude smaller
14 over the course of the full mission (Rauer et al. 2014). If
we consider that a proportional of 10% of stars have Sun-like
oscillations like it was found in the case of the KEPLER mis-
sion, a total of 100,000 should also have Sun-like oscillations.
In principle, this mission should be able to observe a typical
star like the sun up to a distance of 2 kpc and a red-giant star
up to a distance of 20 kpc, if it was to the light obstruction by
dust, the PLATO mission could observe red-giant stars in the
center of the Milk Way (at a distance of 8 kpc). Therefore, it
is reasonable to expect that some of these Sun-like stars are
located near the black hole binaries.
Since some Sun-like stars that likely are located nearby
black hole binary systems can be found in the dense stellar
regions of the Milky Way obscured by dust, an asteroseismol-
ogy mission dedicated to observe in the near-infrared band
could be an excellent alternative to optical asteroseismology.
As the star brightness and amplitude of stellar modes in this
band is only a factor of five smaller than the optical measure-
ments counterpart, this could significantly increase the possi-
bility of finding such types of stars once it allows us to observe
in the dense regions of the Milky Way. In spite of the astero-
seismology of the near-infrared being very poorly understood
at present, this technique could be particularly useful to look
for stars in the dense regions of the galactic disk in the di-
rection of the galactic center, where it is known to have large
populations of compact stars.
We show here that if the generally accepted ideas about
general relativity are correct, the low-order overtones of
quadrupole acoustic modes of Sun-like stars could be driven
by gravitational radiation of nearby stellar black hole binaries,
identical to the ones discovered by the Advanced LIGO col-
laboration (Abbott et al. 2016a,b). Nonetheless, only if there
is a sustained resonance between the incident gravitational ra-
diation and the stellar quadrupole mode can there be a chance
of an observable response from the star. In general, the energy
loss by gravitational radiation causes the black hole binary to
spin up, prohibiting the gravitational wave from remaining in
resonance with a mode for a period long enough to have a
perceptible effect. However, because the orbital frequency
drift is negligible for many of these black hole binaries dur-
ing most of the inspiral phase, oscillations in a solar mass
star can be stimulated to an observable photometric ampli-
tude by a binary at a distance of 1 au. In particular, we predict
that the photometric amplitude variations of these modes are
well above the experimental threshold of present and future
asteroseismic satellite missions (Rauer 2013). Therefore, it
is even possible that these observations could have already
been made.
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